ABSTRACT
Indexing terms: mdka; mdkb; growth factors; development; regeneration; neurogenesis; zebrafish Midkine is a secreted heparin-binding growth factor that is highly conserved throughout the animal kingdom (Kadomatsu et al., 1988 (Kadomatsu et al., , 1990 We identified mdkb in a screen for genes whose expression is regulated by the selective death and regeneration of photoreceptors. As a first step to understand the role of Midkines in the retina, we analyzed the cellular expression of mdkb and its paralog, mdka, during both retinal development and adult photoreceptor regeneration. During development, mdka is expressed in stem cells and progenitors, transiently expressed in developing Mü ller glia, and constitutively expressed in horizontal cells. In contrast, mdkb is expressed by newly postmitotic cells and constitutively expressed by retinal ganglion and amacrine cells. During regeneration, in addition to their constitutive patterns of expression, both midkines are expressed in horizontal cells and proliferating Mü ller glia and their neurogenic progeny. This study describes the expression of these two secreted factors in the developing, adult, and regenerating retina and establishes the foundation for future studies to investigate the function of these molecules.
MATERIALS AND METHODS

Care of zebrafish and embryos
Zebrafish (Danio rerio; 6 -8 months old, 2-3 cm long) were purchased from suppliers and maintained in aquaria at 28.5°C with a 10/14-hour dark/light cycle. Three strains were used: albino, wildtype, and Tg(gfap:GFP) mi20001 (to identify Mü ller glia; a gift from Dr. Pamela Raymond). Embryos were generated by natural mating at light onset and reared at 28.5°C in embryonic rearing solution (Westerfield, 2000) . Procedures for handling animals were approved by the University of Michigan's Committee for the Use and Care of Animals.
Light treatments
Two light-lesion paradigms were used in this study. Each selectively kills photoreceptors, which induces proliferation and photoreceptor regeneration that follows a common timecourse. First, for the gene chip analysis, albino zebrafish (University of Oregon, Eugene, OR) were treated as described previously (Vihtelic and Hyde, 2000; Vihtelic et al., 2006). Second, to induce photoreceptor death in pigmented fish, wildtype animals were dark adapted for 8 days and exposed to constant fluorescent light (26000 -31000 lux). Control animals were sacrificed immediately following dark adaptation, and experimental animals were sacrificed at 24 hours, 48 hours, 72 hours, 5 days, 7 days, or 10 days after light onset. Additional animals were returned to normal lighting and sacrificed at 14, 21, or 28 days after light onset. This experiment was performed in triplicate.
RNA isolation and microarray analysis
Oligonucleotide microarrays were used to identify genes that were differentially expressed after light-induced photoreceptor death. For these experiments, retinas were sampled at a single timepoint, 72 hours after light onset, which is after the death of photoreceptors and at a time when the retina is replete with injury-induced photoreceptor progenitors (Vihtelic and Hyde, 2000). Control animals were maintained in normal light conditions. After animals were sacrificed, retinas were dissected free from the surrounding ocular structures and retinal RNA was isolated and processed in eight separate pools (four control, four experimental; 12 retinas each). From each pool of RNA, probes were synthesized and hybridized to a single chip. Briefly, total RNA was amplified to yield doublestranded antisense RNA (aRNA), which was biotinylated using the Affymetrix GeneChip Expression IVT Labeling Kit (Affymetrix, Santa Clara, CA). Ten micrograms of labeled aRNA were fragmented and hybridized to Zebrafish Genome Arrays (Affymetrix). Chips were scanned using the GeneChip Scanner 3000 (Affymetrix). The fluorescence intensity readouts were sorted into CHP files with the Affymetrix Microarray Suite v. 5.0. The array data discussed in this publication have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE13999 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc‫؍‬ GSE13999).
A false-discovery rate-adjusted confidence interval (FDR-CI) was used to identify statistically significant changes in fluorescence intensity as described (Hero et 
RNA isolation and quantitative RT-PCR
For quantitative reverse-transcriptase polymerase chain reaction (QRT-PCR), both albino and wildtype zebrafish were sacrificed and eyecups were removed and retinas dissected and carefully separated from the retinal pigment epithelium. RNA was isolated from control and light-lesioned albino zebrafish in experiments independent of those used for the microarray screen. Four retinas per group from 3-4 different zebrafish were pooled. Retinas were homogenized and RNA was isolated according to the manufacturer's protocol (Ambion, Austin, TX). RNA was quantified with a spectrophotometer and RNA quality was assessed on ethidium bromidestained agarose gels; 500 ng of total RNA was used to synthesize cDNA following the manufacturer's protocol The threshold cycle (Ct) was determined by the iCycler using the maximum curvature approach and then maintained constant for subsequent runs. Relative levels of gene expression were determined by the ⌬⌬Ct method using either connexin 52.6 or 18s rRNA as an endogenous reference. Specificity of the amplification products was verified by agarose gel electrophoresis.
Tissue preparation, in situ hybridization, and immunohistochemistry
At selected developmental times, embryos and larvae were fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, cryoprotected in 20% sucrose, frozen, and cryosectioned. At set times following light treatment, adult fish were anesthetized in 0.05% 3-aminobenzoic acidethyl ester (Sigma, St. Louis, MO), eyes were enucleated, lenses removed, and eyecups were processed identically to the embryos and larvae.
Sense and antisense riboprobes for mdka or mdkb were synthesized from plasmids containing the full-length mdka To combine in situ hybridization with immunohistochemistry, the Fast Red color reaction was first allowed to develop, then slides were processed immediately for immunohistochemistry using standard procedures.
Other commercially available antibodies were also used in this study. The antibody against Proliferating Cell Nuclear Antigen (PCNA; Sigma-Aldrich, St. Louis, MO) was used at a 1:1,000 dilution. This antibody was isolated from mice immunized with recombinant rat PCNA protein and validated by its capacity to immunoprecipitate PCNA protein from whole cell extracts (Waseem and Lane, 1990 ). In our study, tissues stained with this antibody produce a pattern that is identical to that previously reported (e.g., Raymond et al., 2006). Antibodies against Green Fluorescent Protein (GFP; ab6556; Abcam, Cambridge, MA) were used at a 1:1,000 dilution. These antibodies were raised in rabbit against purified recombinant GFP made in Escherichia coli. In Western blots, this antibody recognizes a single 67-kDa band in lysate from whole cells expressing GFP-fusion protein. Again, tissues stained with this antibody produce a pattern that is identical to that previously reported (Bernardos et al., 2007) . The Prox-1 antibodies were raised in rabbit against a synthetic peptide from the C-terminus of mouse Prox-1 (EIFKSPNCLQELLHE), which in Western blots recognizes a single 83-kDa band, and used at a 1:2,000 dilution (AB5475, Chemicon International, Temecula, CA). Zebrafish Prox-1 possesses 84% identity at the amino acid level with the mouse homologue (Glasgow and Tomarev, 1998), and this antibody has been shown to label Prox-1-expressing cells in zebrafish (Ober et. al., 2006) . In addition, all sections were also stained with the fluorescent nuclear stain, 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, InvitrogenMolecular Probes, Eugene, OR). Prior to PCNA immunostaining, sections were processed for antigen retrieval as previously described . Secondary antibodies, were goat, antirabbit or goat, antimouse were used at a dilution of 1:500 (Invitrogen-Molecular Probes).
Photographic images
Images were taken with a Nikon DMX 1200 digital camera mounted on a Nikon Eclipse E800 epifluorescent compound microscope. Adobe Photoshop CS2 (Adobe Systems, San Jose, CA) was used to construct the figures. The layer tool was used to generate image overlays, and the channel mixer tool was used to change the red signal to magenta. In some images, the clone stamp tool was used to remove unwanted scale bars. Images in Figure 2 
RESULTS
Expression analyses
The RMA/FDR-CI identified 671 experimental probe sets that showed a 2-fold or greater difference in fluorescence intensity (hereafter referred to as "gene expression") when compared to control probe sets. To characterize the global changes in gene expression, the differentially expressed genes were submitted to DAVID (Dennis et al., 2003) for functional annotation clustering. Table 1 lists gene ontology biological process terms that were statistically significantly overrepresented within this dataset. This analysis showed that many of the differentially expressed genes are associated with DNA replication and, very broadly, enzyme activity and cellular metabolism. Another ontology group in this collection, "visual perception," corresponds to genes encoding opsins. Functional categories were also identified from the gene ontology analysis, and after removing the entries lacking annotation, the number of genes that showed an increase or decrease in expression within each category was determined (Fig. 1A) . Genes known to control the mitotic cell cycle, to regulate photoreceptor physiology, or to encode growth factors were separately evaluated. As anticipated, the expression of each of the 17 cell cycle control genes is increased, which reflects the accretion of mitotic photoreceptor progenitors, whereas the expression of each of the eight photoreceptorspecific genes is decreased, reflecting the selective death of rods and cones. Genes encoding seven differentially expressed growth factors (midkine b [see below], granulin a, granulin 1, granulin 2, dickkopf 1, galectin 1-like 2, matrixmetalloproteinase 9, follistatin) were also identified. The direction of change in the expression for four of these genes was independently validated by in situ hybridization (data not shown; see Results). Finally, QRT-PCR was performed for genes encoding Rhodopsin, Red Opsin, PCNA, Mdka, and Mdkb ( Fig. 1B; Suppl. Fig. 1 ). In the light lesioned retinas, the levels of mRNA encoding rhodopsin and red opsin were reduced, whereas the levels of mRNA encoding pcna and mdkb were increased. The microarray analysis did not detect a change 
mdka and mdkb are expressed in distinct cells during retinal development
To determine the cellular pattern of expression of mdka and mdkb in the developing retina, in situ hybridization was performed on tissue sections from embryos and larvae between 24 and 120 hpf (Fig. 2) . Sense probes did not show any specific hybridization (Suppl. (Fig. 2a) . At 48 hpf, mdka is expressed at the retinal margin and more broadly in the inner nuclear layer (INL) (Fig. 2b) (Fig. 2c) . mdka expression in these radially oriented cells persists through 120 hpf (Fig. 2c-e) when mdka transcription begins in presumptive horizontal cells (Fig. 2e, see below) . Interestingly, in addition to this dynamic pattern of expression in the neural retina, mdka is strongly expressed in cells within the nascent optic nerve (Fig. 2d) and the lens epithelium.
The spatial pattern of expression for mdkb is distinctly different from mdka and suggests that this gene is transcribed in newly postmitotic cells that are integrated into the inner retinal layers. mdkb is first expressed at 48 hpf in a ventronasal patch and more broadly in the laminated central retina (Fig.  2g) . At 72 hpf, mdkb is expressed in differentiated ganglion and amacrine cells, which straddle the inner plexiform layer (IPL) (Fig. 2h) and in a broad annulus of cells central to the CMZ (Fig. 2h) . Between 96 hpf and 120 hpf, expression persists within the inner nuclear and ganglion cell layers, whereas the annulus of mdkb expression becomes progressively restricted to cells just central to the CMZ (Fig. 2h-j) . In contrast to mdka, mdkb is not expressed by retinal progenitors in the CMZ (Fig. 2h, 
i). mdkb appears not to be expressed in cells destined for the outer nuclear layer (ONL). These data suggest that mdkb is expressed by inner retinal cells as they differentiate and constitutively expressed by mature ganglion and amacrine cells. This pattern of expression is maintained in the adult (see below).
To analyze the expression of mdka and mdkb relative to proliferating cells, we combined in situ hybridization with immunohistochemistry for PCNA, a cofactor of DNA polymerases that is expressed during the late G1, S, and early G2 phases of the cell cycle ( (Fig. 3a-c) . In contrast, mdkb is coexpressed with PCNA in only a few cells at the interface between the CMZ and the differentiated retina (Fig. 3d-f) .
Together, these data show that, during early retinal development, mdka is expressed in mitotic retinal progenitors, whereas mdkb is expressed in newly postmitotic cells. In addition, mdka is transiently expressed in presumptive Mü ller glia (see next section). Finally, both genes are constitutively expressed in subsets of neurons within the inner retinal layers.
mdka is transiently expressed in Mü ller glia and constitutively expressed in horizontal cells
During larval development, the mdka-expressing cells in the INL have centrally located large nuclei with mdka mRNA in radially extending processes (Figs. 2c-e, 3a, 4a) . This morphology suggests mdka is expressed by Mü ller glia. To test (Fig. 4a,c,d ,f) overlay precisely with GFP-positive cells (Fig. 4b,c,e,f (Figs. 2c, 4g-i) . At 120 hpf, however, mdka expression colocalizes with Prox-1 immunostaining in the horizontal cells (Fig. 4j-l) . Note that mdka expression is reduced or absent in the dorsal retina, which is less mature than ventral retina, showing that mdka is not expressed by newly differentiated horizontal cells. In the adult retina, mdka is constitutively expressed in Prox-1-positive horizontal cells (Fig.  4m-o) .
During photoreceptor regeneration, both midkine genes are expressed by proliferating Mü ller glia and photoreceptor progenitors
To investigate the expression of the midkine genes during photoreceptor regeneration, in situ hybridization was used to compare the cellular patterns of mdka and mdkb expression in control and experimental retinas. The patterns of midkine expression in adult, control retinas are similar to that observed at 120 hpf: mdka is expressed in horizontal cells (Figs. 4m, 5a , and Suppl. Fig. 2) , whereas mdkb is expressed by cells in the vitreal aspect of the INL and the GCL (Fig. 5g, Suppl. Fig. 2) . In the adult, unlesioned retina, neither probe labels dividing cells (Suppl . Fig. 3 ). Housing wildtype, pigmented fish in constant bright light results in the thinning of the ONL, due to the death of photoreceptors, and the corresponding decrease in mRNA encoding opsin genes. The anatomical loss of photoreceptors is fully restored after fish are returned to a normal lighting environment, although mRNA levels do not return to normal levels (Suppl. Fig. 1 ). Seventy-two hours after light onset corresponds to the peak of injury-induced proliferation and the peak of PCNA expression (Vihtelic and Hyde, 2000; Suppl. Fig.  1 ), therefore, we sampled this timepoint to examine the relationship between the expression of mdka and mdkb and the injury-induced cell proliferation (Fig. 5) . In the light-lesioned retinas, the expression of mdka persists in horizontal cells and is newly expressed by proliferating, PCNA-positive photoreceptor progenitors in both the inner and outer nuclear layers (Fig. 5b-d) . In contrast to mdka, the domain of mdkb expression expands from the inner tier of (amacrine) cells within the INL to include all cells of the INL, including horizontal cells (Fig. 5h-j) . In addition, mdkb is expressed in PCNA-positive photoreceptor progenitors. Light lesions using the adult Tg-(gfap:GFP) MI2001 zebrafish confirm that proliferating cells expressing mdka and mdkb are Mü ller glia and their mitotic progeny (data not shown). These altered patterns of gene expression begin to return to that of the controls by 10 days after light onset (Fig. 5e,f,k,l) . Together, data from the in situ hybridizations show that photoreceptor death induces changes in the cellular pattern of mdka expression and a marked increase in the number of cells that express mdkb. Further, following photoreceptor death, and in contrast to that observed in developing and adult retinas, the expression of both midkines becomes coincident in horizontal cells and photoreceptor progenitors.
DISCUSSION
Light-induced death and regeneration of photoreceptors in zebrafish is a well-described phenomenon (Vihtelic and Hyde, 2000) . Photoreceptors die between 24 and 48 hours after light onset. Overlapping with the death of photoreceptors, injuryinduced proliferation commences at about 24 hours and continues for the next several days, enlarging a pool of photoreceptor progenitors. From this pool of mitotic cells, the first regenerated photoreceptors begin to differentiate at about 4 days postinjury (Bernardos et al., 2007) . We used oligonucleotide microarrays to identify genes that are differentially expressed at 72 hours after light onset, near the peak of the proliferative phase. The light-lesion model was selected because, 1) it selectively kills photoreceptors without introducing ancillary injury to the eye; 2) we infer that degeneration of only two cell types (rods and cones) will result in less complex changes in the retinal transcriptome; and 3) the selective death of photoreceptors, while sparing the other cell types, models aspects of photoreceptor degeneration in mouse genetic models and human disease. The specific goal of the array experiment was to identify growth factors expressed by the regenerative Mü ller glia and their progeny that we could hypothesize function to regulate aspects of photoreceptor regeneration. Several growth factors were identified in the array screen, and we chose to characterize the developmental and injury-induced expression of mdkb, which was shown to be significantly upregulated both in the microarrays and QRT-PCR analyses, and its paralog, mdka, which we show is also expressed in the retina and is upregulated in regenerating heart and fin ( 
